T he constant increase in world population and decrease in irrigation water availability mandate a more efficient use of water in agriculture. Merging new orchard designs with more efficient irrigation systems and rootstocks can result in lower water consumption (Fallahi et al., 2007a; Neilsen et al., 2006 Neilsen et al., , 2008 while producing higher quality fruit (Autio et al., 1996; Behboudian and Mills, 1997; Behboudian et al., 2005; Fallahi et al., 2007a Fallahi et al., , 2007b Naor et al., 2008; Neilsen et al., 2010) .
Rootstock can influence ripening, color, and shape of the scion fruit. Autio et al. (1996) in the 1984 NC-140 cooperative planting reported that apple fruit ripening was correlated with tree vigor and the most dwarfing rootstocks resulted in the earliest ripening. Rootstock can also influence scion leaf and fruit mineral concentrations and indirectly affect fruit quality and yield (Fallahi et al., 2001a (Fallahi et al., , 2001b . Leib et al. (2006) indicated that fruit size and yield of 'Fuji' apple in deficit irrigation (DI) were similar to those of partial root zone drying irrigation and conventional irrigation (CI) in the semiarid climate of Washington State. Naor et al. (2008) reported that yield and fruit size decreased as the rate of irrigation was reduced in 'Golden Delicious' apple in Israel. Previous reports have indicated that a reduction in water application may result in a reduction in apple firmness, relating this observation to the advanced maturity in fruit with water stress (Drake et al., 1981; Mills et al., 1994) . However, other studies have shown that apples from nonirrigated plots were firmer than those from irrigated plots because fruit from nontreated plots had smaller size (Assaf et al., 1975) .
Irrigation with a drip system uses lower water volume than sprinkler irrigation (Fallahi et al., 2007a; Proebsting, 1994) . However, irrigation through microjet sprinkler systems can improve the establishment and maintenance of orchard floor vegetation. Microjet sprinklers also create a cooler environment in the orchards under the fruit-growing conditions of Washington and Idaho (E. Fallahi, personal observation). Although there has been some progress in the understanding of microirrigation systems (Chun et al., 2001; Fallahi et al., 2007a; Neilsen et al., 1994 Neilsen et al., , 2010 Yao et al., 2001; Zydlik and Pacholak, 2001) 
Materials and methods
ORCHARD ESTABLISHMENT. The experimental orchard was established at the University of Idaho Parma Research and Extension Center in the spring and early summer of 2002. 'Pacific Gala' trees on four rootstocks (B.9, RN29, G.30, and 'Supporter4') were planted at 5 · 14-ft spacing with an east-west row orientation. This group of rootstock was selected to create a range of tree sizes from dwarf to vigorous. 'Manchurian' crabapple (Malus baccata) on RN29 rootstock (C&O Nursery, Wenatchee, WA) was planted in each row as a pollinizer between every 10 'Pacific Gala' trees. The experimental site had a semiarid climate, with an annual precipitation of %11.1 inches and a sandy loam soil of pH of %7.3. Crested wheatgrass (Agropyron cristatum), which is a drought tolerant grass, was planted as the orchard floor cover in all treatments.
Trees were trained into a vertical axis system during the dormant season in early March every year. Tree leaders were maintained at %12-ft height. Trees in all treatments were blossom thinned at %85% bloom with 5% lime sulfur, followed by one or two applications of postbloom thinners. The first postbloom thinner was a mixture of carbaryl (44.1% a.i. by weight, Sevin XLR; Bayer Crop Science, Research Triangle Park, NC) at a rate of 1 to 1.5 lb/acre a.i. and ethephon (21.7% a.i., Ethrel, Bayer Crop Science) at a rate of 454 to 681 g/acre a.i., and was applied at petal fall. The second postbloom thinner (when applied, depending on the crop load) was carbaryl (Sevin XLR) at a rate of 1 lb/acre a.i. that was applied when fruitlet diameter was %7 mm. Fruit were subsequently hand thinned when average fruit size was %18-mm diameter (around mid-June) to maintain a space of at least 5 to 6 inches between fruit. Kaolin (95% a.i., Surround; Engelhard, Iselin, NJ) was sprayed for sunburn protection at the rate of 47.5 lb/acre a.i. in early July, followed by three 1-week-interval applications, each at 23.8 lb/acre a.i. every year.
Weeds were controlled chemically to maintain a 5-ft-wide weed-free herbicide strip under trees. Cultural practices other than irrigation were similar to those recommended for commercial orchards in the Pacific northwestern United States (Washington State University, 2012).
IRRIGATION REGIMES. There were two irrigation methods in this study: full sprinkler (FS) and full drip (FD). Each irrigation regime was applied in one row, consisting of four rootstocks as described earlier. A row of guard trees was used between every two experimental rows. These trees received only drip irrigation to prevent any possible overspray from the sprinkler systems in the experimental rows. Trees from the guard rows were not used in the study.
The two irrigation regimes (FS and FD) in this study were as follows: 1) (FS) 30-cm microjet sprinklers (Olson Ultra-jet, Santee, CA) were connected to a lateral polyethylene line installed in a 6-inch-deep trench (subsurface), 1 ft away from and parallel to the tree row. Each microjet sprinkler was installed midway between two adjacent trees and covered a complete circle with a radius of 7 ft. In this treatment, trees were irrigated once per week at the full rate of ET c for apple starting in 2002 (see ''calculation for water application'' below).
2) (FD) One 16-mm drip line (Rain Bird Corp., Azusa, CA) was installed in a 4-inch-deep trench (subsurface), 1 ft away from and parallel to the tree row on each of the north and south sides of the tree row. Each of these lines was connected to a pressure regulator to keep the water pressure constant at 20 psi. Pressure compensating emitters were spaced at 18 inches on each line, and each emitter delivered 0.62 gal/h of water. Pressure compensation ensured consistent flow from each inline emitter throughout the entire length of tubing and the emitter design prevented debris from clogging emitters for maximum performance. The drip line on the north side of the tree was ''off-centered'' with the line in the south side to provide better water coverage. Trees in this system were irrigated twice per week at 100% of daily ET c (as described below), but adjusted for the ground shading area (GS). Therefore, in this treatment, gallons of water applied per tree = 0.623 · (ET c in inches/ percent drip efficiency factor) · 5 · 14 ft spacing · percent GS. In this formula, GS was estimated as the area of orchard shaded by the tree canopy at different stages of growth.
Irrigation treatments were initiated in about mid-May and ended in mid-October every year. Shortly before the first irrigation of the year, soil moisture was measured using sensors (AquaPro Sensors, Decor, CA), and trees were watered to the soil saturation point. After this general irrigation, water requirements were calculated Proebsting (1994) for apple with cover crop (i.e., 0.71 in May, 0.96 in June, 1.04 in July and August, 1.00 in September, and 0.79 in October).
Several random checks were made to test the accuracy of water delivery in both irrigation systems every year. Based on the precision in designing the irrigation systems and these random checks, an efficiency factor of 100% was assumed for all irrigation treatments. Rainfall during the growing seasons was low and when it rained, this amount was subtracted from the ET c value to calculate the actual amount of irrigation needed in each application. Leaf area and mineral concentrations were measured annually. For measurements of leaf area, leaf size, and mineral nutrients, 30 leaves per tree were sampled randomly from the middle of the current-season's shoot in mid-August each year. Leaf area was measured using a leaf area meter (model LI-3100; LI-COR, Lincoln, NE). Leaves were washed in a mild Liqui-nox detergent (Alconox, White Plains, NY) solution, rinsed with distilled water, and dried in a forced-air oven at 65°C. Leaves were weighed before and after drying, and percent dry weight was calculated. Dried leaves were ground to pass a 40-mesh screen using a Cyclotec Sample Mill (model 1093; Tecator, Hoganas, Sweden). Nitrogen (N) concentration was determined by combusting dry tissues using a protein/N analyzer (model FP-528; LECO Corp., St. Joseph, MI). Leaf tissues were analyzed for K, Ca, Mg, iron, Zn, Mn, and Cu by dry ashing at 500°C, digestion, and atomic absorption spectrophotometry (model B1100; Perkin-Elmer, Norwalk, CT) as generally described by Chaplin and Dixon (1974) .
Twenty fruit were randomly sampled from each tree between 10 and 25 Aug. in 2004-07. For quality evaluation at harvest, fruit were gently wiped with a damp cloth and percentage of fruit with visible russet was recorded. Fruit were weighed and skin color was visually ranked on a scale of 1 to 5, with 1 = 20% red and 5 = 100% red. Soluble solids concentration (SSC) was measured using a temperaturecompensated refractometer (N1; Atago, Tokyo, Japan) and fruit firmness was measured using an 11-mm probe, with a fruit texture analyzer (Guss Manufacturing, Strand, South Africa). Fruit were cut equatorially in half and the number of fruit with visible water core symptoms was recorded. The percentage of water core was calculated as the percentage of water-cored fruit in the total number of fruit evaluated for quality. SDP of equatorial slices of each fruit was recorded by comparison with the SDP standard chart developed for 'Gala' apples by Bartram et al. (1993) . EXPERIMENTAL DESIGNS AND STATISTICS. The experimental design was a randomized complete block split plot with two irrigation treatments as main plots and four rootstocks as subplots and five blocks (replicates). Each block contained 10 trees per plot of each irrigation treatment, five of which in the center of the plot were used for measurements (i.e., a total of 50 trees per treatment, of which 25 trees were used for measurements). Data were collected between 2002 and 2007 for leaf mineral nutrients and between 2004 and 2007 for tree growth, yield, and quality attributes. The assumption of normal data distribution was checked by computing univariate analyses for all tree responses in this study. Analyses of variance were conducted by using SAS (version 9.3; SAS Institute, Cary, NC), with PROC GLM and means were compared by least significant difference at P £ 0.05.
Results and discussion
INTERACTION. There was no interaction between year and irrigation methods or rootstock treatments for any of the amount of applied water, tree growth, yield, and fruit quality attributes. (Table 1) . Leib et al. (2006) compared three microsprinkler irrigation systems in mature 'Fuji' trees in Washington State. In that study, the soil water content in the CI was maintained close to field capacity, which was only 60% to 70% of estimated ET c for apple without cover crop. That study estimated that irrigation scheduling based on soil-water measurements required 26% lower water than what was predicted by the ET c model for an apple orchard without a cover crop. That study also showed that the three-year average potential ET (ET o ) was 39 inches, ET c was %31.1 inches, and irrigation amounts applied were 27.83 inches for CI irrigation regimes. In this study, when trees were mature (2006 and 2007) , the two-year average for ET r was 43.57 and for ET c was 41.35 inches (Table 1) ; thus, these values were %11% and 25% higher than similar measurements in Washington, respectively. During 2006 and 2007, we applied an average of 39.13 inches of water to the FS trees, which was %11.3 inches (%29%) higher than the levels applied to the CI treatment in the report from Washington State (Leib et al., 2006) . This difference was due to the higher ET r and ET c values in Idaho than Washington. In addition, the trees with FS received full ET c level in the study (Table 1) , while CI trees in Leib et al. (2006) received water at 70% of ET c . Rainfall in both experiments was comparable.
EFFECTS OF ROOTSTOCK ON LEAF SIZE AND MINERAL NUTRIENTS.
Leaves from trees on G.30 rootstock had the highest leaf area and fresh weight but lower percent dry weight than those on all other rootstocks. The exact opposite situation existed for trees on B.9 rootstock. Thus, leaves from trees on B.9 rootstock had the smallest leaf area and fresh weight but higher percent dry weight than those on all other rootstocks (Table 2) .
There were no significant differences in leaf N concentrations among rootstocks when N was expressed on dry weight bases (Table 2 ). However, leaf N per square centimeter leaf area decreased with rootstock vigor so that B.9 had the highest value and those on 'Supporter4' had the lowest value (Table 2 ). Trees on RN29 had higher total N per leaf (Table 2) . Therefore, expression of leaf minerals on a unit of leaf area might provide an improved diagnostic tool than that on a dry weight basis.
Trees on B.9 had higher concentrations of leaf Ca, Zn, and Mn, but lower concentration of K when compared with those on other rootstocks. Trees on 'Supporter4' had higher leaf K and Cu than those on other rootstocks.
In general, leaf K and Mg had antagonistic while leaf N and Mn had synergistic effect to each other (Table 2) . Table 3 . Effect of rootstock on tree growth, yield, and fruit quality attributes at harvest in 'Pacific Gala' apple. x 1 = green skin color, 5 = red skin color. w Comparison vs. the standard chart developed for 'Gala' apples by Bartram et al. (1993) . v Mean separation within columns by least significant difference at 5% level. Each value represents the average of two irrigation systems over 2004-07, each with five 10-tree blocks per year.
EFFECTS OF ROOTSTOCK ON TREE GROWTH AND YIELD. 'Gala' trees on B.9 had significantly smaller TCA while those on 'Supporter4' had larger TCA than those on other rootstocks (Table 3) . Trees on RN29 had smaller TCA than those on G.30 when trees were young in 2004 and 2005 (data not shown), but the tree size differences became insignificant when trees were mature, resulting in similar TCA in 2006 (Table 3) . Judging based on the foliage density after tree canopy reached 100% maturity (%67% GS), 5-ft spacing between trees was too far for trees on B.9 and could have been planted as close as 3-to 4-ft spacing. Even between-row spacing for this rootstock could have been reduced from 14 ft to 12-13 ft; thus, tree density on B.9 could have been increased from its current density of 622 trees/acre to 838-1210 trees/ acre. However, 5-ft spacing between trees was appropriate for trees on RN29 rootstock. In contrast, 'Supporter4' was too vigorous for planting under the tree spacing of this study.
Trees on RN29 had a higher cumulative yield over the 2004-07 seasons. Trees on B.9 and RN29 were more precocious and had higher yield per tree and yield efficiency than those on ' Supporter4' in 2004 and 2005 [two and three years after planting, respectively (data not shown)]. Thus, both of these rootstocks can be recommended for their yield under closed-space conditions of this study. 'Supporter4' was not a suitable rootstock for 'Pacific Gala' in this study as trees were too vigorous and had low yield efficiency.
EFFECTS OF ROOTSTOCK ON FRUIT QUALITY ATTRIBUTES. Trees on RN29 often had higher fruit weight, but trees on B.9 had lower fruit weight than did those on other rootstocks (Table 3) . Smaller fruit in trees on B.9 were due to a lower leaf:fruit ratio and smaller leaf size. Fruit in trees on all rootstocks were kept at %15-cm spacing at the time of thinning, leading to a lower leaf:fruit ratio in B.9 rootstock because these rootstock had smaller TCA (Table 3 ) and lower foliage density (data not shown). Usually, lower yield is associated with larger fruit size. However, trees on 'Supporter4' had smaller fruit in spite of lower yield and were not suitable for planting.
Rootstock did not have a major and consistent impact on the 'Gala' fruit color. Trees on 'Supporter4' had slightly less red color than those on other rootstocks, which could be due to the larger canopy size and higher shading on the trees.
Fruit from 'Pacific Gala' trees on B.9 and G.30 had higher SSC and SDP and had lower firmness than those on other rootstocks (Table 3 ). This observation suggests that both B.9 and G.30 rootstocks advance fruit maturity in 'Pacific Gala'. Fruit from trees on 'Supporter4' had significantly higher firmness at harvest than those on other rootstocks because of its smaller fruit size (Table 3) .
EFFECTS OF IRRIGATION ON LEAF
MINERAL NUTRIENTS, TREE GROWTH, AND FRUIT YIELD AND QUALITY. On average, leaves from 'Pacific Gala' trees with FD irrigation system had higher fresh weight, dry weight, percent dry weight, total N per leaf, milligrams of N per square centimeter of leaf, Mg, and Mn; but had lower leaf Ca, K, Zn, and Cu (Table 4) and lower fruit color (Table 5 ) than did those with FS system. The lower color of fruit from trees with FD system was due to higher total N per leaf and milligrams of N per square centimeter of leaf (Table 4) . Trees with FD system were more precocious and had larger fruit, higher yield per tree, and yield efficiency than trees with FS system in 2003 (data not shown), but there was no difference in cumulative yield over 2004-07 between trees with FS and FD systems (Table 5 ). There was no consistent effect of irrigation system on fruit SSC. However, fruit from trees with FD system often had higher SDP and lower firmness than those from FS irrigation (Table 5) , suggesting that fruit with FD were slightly more mature because of water stress than those with FS system. Nevertheless, this advanced maturity did not cause a major difference in fruit stemend cracking between the two irrigation treatments (data not shown). Leib et al. (2006) showed that SSC in fruit from trees receiving DI was higher than in fruit from trees receiving CI. A two-year study by O#Connell and Goodwin (2007) on 'Pink Lady' in Victoria, Australia, showed that SSC tended to be higher in DI fruit than CI fruit for each of the two years. In contrast, Talluto et al. Mean separation within columns by least significant difference at 5% level. Each value represents the average of four rootstocks over 2002-07, each with five 10-tree blocks per year.
• December 2012 22(6) (2008) reported that 'Pink Lady' fruit from DI and CI treatments had similar SSC. Differences in the volume of water applied in DI treatments and method of calculation for water requirement (ET c vs. soil moisture content) could partially explain these contradictory reports. Based on this long-term study, an ET-based irrigation scheduling, adjusted by GS and K c factors, can be successfully used to produce highquality 'Gala' apple under climatic conditions of this study. Since trees with a FD system received less water (Table 1) and were more precocious with significantly higher yield per tree than those with a FS system during early years of planting, we suggest that FD is a preferred method of irrigation over a FS system for 'Gala' apple.
Conclusions
A significantly greater volume of water was required for trees under full microjet sprinkler systems than those with drip systems. However, application of water through a drip system, based on full ET c rate and adjusted by percentage of ground shade, can result in greater water savings and improves apple yield and fruit quality. Considering growth, yield, and fruit quality attributes in this study, a wellcalculated ET c -based FD irrigation method could be recommended over a sprinkler irrigation regime for modern high-density apple orchards. B.9 and RN29 were excellent rootstocks for 'Pacific Gala' apple in this type of production system. 
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